We update our previous work on an analysis of the electroweak data by including new and partly preliminary data available up to the 1996 summer conferences. The new results on the Z partial decay widths into b and c hadrons now offer a consistent interpretation of all data in the minimal standard model. The value extracted for the strong interaction coupling constant α s (m Z ) agrees well with determinations in other areas. New constraints on the universal parameters S, T and U are obtained from the updated measurements. No signal of new physics is found in the S, T , U analysis once the SM contributions with m t ∼ 175GeV and those of not a too heavy Higgs boson are accounted for. The naive QCD-like technicolor model is now ruled out at the 99%CL even for the minimal model with SU(2) TC . In the absence of a significant new physics effect in the electroweak observables, constraints on masses of the top quark, m t , and Higgs boson, m H , are derived as a function of α s and the QED effective couplingᾱ(m 2 Z ). The preferred range of m H depends rather strongly on the actual value of m t : m H < 360 GeV for m t = 170 GeV, while m H > 130 GeV for m t = 180 GeV at 95 %CL. Prospects due to forthcoming improved measurements of asymmetries, the mass of the weak boson W m W , m t andᾱ(m 2 Z ) are discussed. Anticipating uncertainties of 0.00020 fors 2 (m 2 Z ), 20 MeV for m W , and 2 GeV for m t , the new physics contributions to the S, T , U parameters will be constrained more severely, and, within the SM, the logarithm of the Higgs mass can be constrained to about ±0.35. The better constraints on S, T , U and on m H within the minimal SM should be accompanied with matching precision inᾱ(m 2 Z ).
Introduction
The physics program of LEP1 is completed and has brought a wealth of precise data at the Z-resonance. With the presentation of the updated measurements at the 1996 summer conferences [1] an appropriate moment has come to assess the impact of the new data in the context of the theoretical framework introduced in Refs. [2, 3] .
The Z-shape variables are now quite well measured (see Table 1 ), also the apparent discrepancy of the previous R b and R c measurements [4] with their Standard Model (SM) expectations seems to be solved. After combining the preliminary data from all LEP experiments and from SLD, the R c value is now in good agreement with the SM, while R b is less than 2 standard deviations away from the SM prediction. These new measurements are of importance when extracting a reliable value for the QCD coupling constant α s (m Z ) from the electroweak data.
The paper is organized as follows. In section 2 all electroweak measurements from LEP, SLC and Tevatron reported to the Warsaw Conference [1] , are collected. These data are compared with the SM predictions [2] and a few remarkable features are pointed out. In section 3 a brief review is given of the electroweak radiative corrections in generic SU(2) L × U(1) Y models following the formalism of Ref. [2] . In section 4 the impact of the new measurements is discussed, in particular the Z-shape parameter measurements at LEP/SLC and the new neutrino measurement of CCFR. A comprehensive fit to all the electroweak data is performed in terms of the three parameters [5] S, T , U, which characterize possible new physics contributions through the electroweak gauge-boson propagator corrections, andδ b which characterizes possible new physics contributions to the Zb L b L vertex. Section 5 is devoted to the interpretation of all electroweak data within the minimal SM. Their constraints are shown as functions of α s (m Z ) andᾱ(m 2 Z ) in the (m t , m H )-plane. A brief discussion on the significance of bosonic radiative corrections containing the weak boson self-couplings is also given. In section 6 the impact of future improved measurements of the Z boson asymmetries, the W and top-quark masses andᾱ(m 2 Z ) are studied. Finally, section 7 gives a summary and outlook.
Electroweak Precision Data
Since our first analysis of electroweak data [2] a considerable improvement occurred in three areas, which is summarized in Table 1 . The LEP Electroweak Working Group [1] has updated their results by including their preliminary electroweak data available up to summer 1996. The table contains also the results from SLC [1] and new Tevatron data on the W mass [6] and the neutrino neutral current experiment [7] . Correlation matrices among the errors of the line-shape parameters and the heavy-quark parameters are given in Tables 2 and 3 , respectively. All the numerical results presented in this paper are based on the unchanged data in Ref. [2] and the updated data in Tables 1-3 , unless otherwise stated. Also shown in Table 1 are the SM predictions [2] for m t = 175 GeV, equal to the present best value from CDF and D0 [8] , m H = 100 GeV, [2] . These data represent the status as of the 1996 summer conferences and contain contributions from LEP and SLC [1] and Tevatron, pp [6] and CCFR [7] . The SM predictions [2] are calculated for m t = 175 GeV, m H = 100 GeV, α s (m Z ) = 0.118, and 1/ᾱ(m The sensitivity of the fit results due to the uncertainties of the QCD and QED running coupling strengths will be discussed in sections 4, 5 and 6. The right-most column gives the difference between the mean of the data and the corresponding SM prediction in units of the experimental error. The data and the SM predictions agree fairly well. The previously [4] larger values of R b and smaller values of R c are now close to the SM prediction.
All the asymmetry data, including the left-right beam-polarization asymmetry, A LR , from SLC are compared in Fig. 1 . It shows the result of a one-parameter fit to the asymmetry data in terms of the effective electroweak mixing angle,s 2 (m 2 Z ) [2] . In the SM (for details see sect.4) its numerical value is related to the effective parameter sin 2 θ lept eff adopted by the LEP group [1, 4] [1] . to all 10 measurements yields : . The updated measurements of the asymmetries barely agree (4%CL) with the hypothesis of being determined by a universal electroweak mixing parameter. The new fit is slightly worse than the corresponding one to the 1995 data [4] which gave [9] In the analysis presented below we use the data of Table 1 and combine, assuming lepton (e-µ-τ ) universality, the three forward-backward lepton asymmetries into the average forward-backward lepton asymmetry A ℓ,0 FB on the Z-pole. Using the data of Table 1 . Both the value and the probability of the fit (5%CL) remain nearly unchanged compared to (2.1). The somewhat low probability of the fits reflects the fact that two of the most accurate measurements, A with χ 2 /(d.o.f) = 6.0/(3). The fitted mean value decreases by about two standard deviations and the probability of the fit improves to 11%CL.
The quantity K in Table 1 is a new measurement [7] obtained by the CCFR Collaboration from their neutrino data.
The value of the W -mass has been slightly improved [6] .
Theoretical framework -Brief Review of Electroweak Radiative Corrections in SU(2) L × U(1) Y Models
The formalism introduced in Ref. [2] is used to interpret the electroweak data. We use only those electroweak data that are most model independent, such as those listed in Table 1 of this report and those in Table 6 of Ref. [2] . We then express them in terms of the S-matrix elements of the processes with external quarks and leptons (with or without external QED and QCD corrections, depending on how the electroweak data are evaluated by experiments). These S-matrix elements are then evaluated in a generic SU(2) × U(1) model with four charge form factors,
factor is also introduced. By assuming negligible new physics contribution to the remaining vertex and box corrections, we derive constraints on the 4 + 1 form factors from the model-independent data. By further assuming negligible new physics contribution to the running of the charge form factors, we derive constraints on S, T , U andδ b (m 2 Z ). Finally, by assuming no new physics contribution at all, we can constrain m t and m H . In this section a brief review of the salient features are given.
The propagator corrections in generic SU(2) L × U(1) Y models can be conveniently expressed in terms of the following four effective charge form factors [2] :
are the propagator correction factors that appear in the S-matrix elements after the weak boson mass renormalization is performed, andê ≡ĝŝ ≡ĝ Zŝĉ are the MS couplings. The 'overlines' denote the inclusion of the pinch terms [10, 11] , which make these effective charges useful [2, [12] [13] [14] even at very high energies (|q 2 | ≫ m 2 Z ). The amplitudes are then expressed in terms of these charge form factors plus appropriate vertex and box corrections. In our analysis [2] we assumed that all the vertex and box corrections are dominated by the SM contributions, except for the
for which the functionδ b (m 2 Z ) is allowed to take on an arbitrary value. Hence the charge form factors andδ b can be directly extracted from the experimental data and their values be compared with the theoretical predictions.
We define [2] the S, T , and U variables of Ref. [5] in terms the effective charges,
where it is made manifest that these variables measure deviations from the treelevel universality of the electroweak gauge boson couplings. Herec 2 = 1 −s 2 and α(q 2 ) =ē 2 (q 2 )/4π. They receive contributions from both the SM radiative effects and new physics contributions. The S, T , U variables [5] as introduced by Peskin and Takeuchi are obtained [2] approximately by subtracting the SM contributions (at m H = 1000 GeV).
For a given electroweak model we can calculate the S, T , U parameters (T is a free parameter in models without the custodial SU(2) symmetry), and the charge form factors are then fixed by the following identities [2] :
Hereδ G is the vertex and box correction to the muon lifetime [15] after subtracting the pinch term [2] :
In the SM,δ G = 0.0055 [2] . It is clear from the above identities that once we know T andδ G in a given model we can predictḡ , and with the further knowledge of U we can calculateḡ 2 W (0). Sinceᾱ(0) = α is known precisely, all four charge form factors are fixed at one q 2 point. The q 2 -dependence of the form factors can also be calculated in a given model, but it is less dependent on physics at very high energies [2] . In the following analysis we assume that the SM contribution governs the running of the charge form factors between q 2 = 0 and q 2 = m 2 Z . We can then predict all the neutral-current amplitudes in terms of S and T , and the additional knowledge of U gives the W mass via Eq. (3.5).
We should note here that our prediction for the effective mixing parameters 2 (m 2 Z ) is not only sensitive to the S and T parameters but also on the precise value ofᾱ(m 2 Z ). This is the reason why our predictions for the asymmetries measured at LEP/SLC and, consequently, the experimental constraint on S extracted from the asymmetry data are sensitive toᾱ(m 2 Z ). In order to keep track of the uncertainty associated withᾱ(m 2 Z ) the parameter δ α was introduced in Ref. [2] as follows:
We show in Table 4 the results of the four most recent updates [16] [17] [18] [19] on the hadronic contribution to the running of the effective QED coupling. Three definitions of the running QED coupling are compared. The effective chargeᾱ(m 2 Z ) should be used in Eqs. (3.3) and (3.4) , since the effective charges in (3.1) contain both fermionic and bosonic contributions to the gauge boson propagator corrections.
The new and some earlier estimates [21] [22] [23] are also shown in Fig. 2 . The analysis of Ref. [2] was based on the estimate [23] , δ α = 0.00 ± 0.10. The last four estimates made use of essentially the same total cross section data set for the process e + e − → hadrons between the two-pion threshold and the Z mass scale. The estimates are slightly different reflecting different procedures adopted by each group to interpolate between the available data points. Eidelman and Jegerlehner [18] and Burkhardt and Pietrzyk [19] made no assumption on the shape (s-dependence) of the cross section, and hence their errors are conservative. Swartz [17] assumed smoothness of s-dependence of the cross [20] are assumed. 1/ᾱ(m 2 Z ) contains also the W -boson-loop contribution [2] including the pinch term [10, 11] . [16] 128.98 ± 0.06 128.99 ± 0.06 128.84 ± 0.06 0.12 ± 0.06 Swartz '95 [17] 128.96 ± 0.06 128.97 ± 0.06 128.82 ± 0.06 0.10 ± 0.06 Eidelman-Jegerlehner '95 [18] 128.89 ± 0.09 128.90 ± 0.09 128.75 ± 0.09 0.03 ± 0.09 Burkhardt-Pietrzyk '95 [19] 128.89 ± 0.10 128.90 ± 0.10 128.76 ± 0.10 0.04 ± 0.10 section in order to profit from the smaller point-to-point errors within each experiment. Martin and Zeppenfeld [16] also made use of the smaller experimental point-topoint errors by constraining the overall normalization on the basis of the perturbative QCD prediction with α s (m Z ) = 0.118 ± 0.007 down to √ s = 3 GeV. The smaller errors of these two estimates are obtained either because of the data point with the smallest normalization error [17] or because of replacing the large normalization uncertainty by the small uncertainty of the perturbative QCD prediction [16] in the region 3 GeV< √ s < 7 GeV. The mean values of the two estimates [16, 17] are similar as a result of the fact that the measured cross section of the smallest normalization error in the above region agrees roughly with the perturbative QCD prediction. In the 0.027 0.028 0.029
Jegerlehner '91 [22] Jegerlehner '92 [23] Martin-Zeppenfeld '94 [16] Swartz '95 [17] Eidelman-Jegerlehner '95 [18] Burkhardt-Pietrzyk '95 [19] following analysis we adopt as a standard the conservative estimate of Ref. [18] , i.e. δ α = 0.03 ± 0.09 and investigate the sensitivity of our results to the deviation δ α − 0.03. We also show results of the analysis when the estimate [16] δ α = 0.12 ± 0.06 is adopted instead.
Onceᾱ(m 2 Z ) is fixed the charge form factors in Eq. (3.4) can be calculated from S, T , U. The following approximate formulae [2] are useful:
where
The values ofḡ The approximation is valid to 0.001 provided m t > 160 GeV and m H > 40 GeV. On the other hand the low energy neutral current experiments are sensitive tos 2 (0) which is obtained by assuming the SM running of the charge form factors 2 (q 2 )/ᾱ(q 2 ):
Finally, within the SM the S, T , U parameters and the form factorδ b =δ b (m 2 Z ) are functions of m t and m H which can be parametrized as
where x t = (m t ( GeV) − 175)/10 and x H = log(m H ( GeV)/100). The above approximate expressions are valid to ±0.003 for S SM , T SM and U SM , and to ±0.00007 forδ bSM in the domain 160 GeV < m t < 185 GeV and 40 GeV < m H < 1000 GeV. They are evaluated after all the two-loop corrections included in Ref. [2] are taken into account, for α s (m Z ) = 0.118 in the two-loop O(α s ) terms [20] . The m H -dependence of thē δ b (m 2 Z ) SM function is found to be negligibly small for the above region of m t . Note : Since the publication of our original paper [2] several improvements have been achieved on the SM radiative corrections. Most notably, we now have the threeloop (order α 2 s ) QCD calculation of the T parameter [24] as well as in the gauge boson propagator corrections [25] . These three-loop effects slightly modify the relationship between the electroweak S, T , U parameters and the physical top quark mass m t in the above formulae (3.10) . After the completion of the present report we took note of the new evaluation of non-factorizable QCD and electroweak corrections to the hadronic Z boson decay rates [26] . A negative correction to the Z hadronic width was found reducing the SM prediction for Γ h by 0.59 MeV after summing over the four light quark flavors. The corresponding effect for the partial width Γ(Z → 'bb') has not been evaluated. This shift would in turn enhance the α s value extracted from the electroweak data by 0.001. We refrain from modifying the numbers in the present report. If we assume that the corrections to the partial width Γ(Z → 'bb') is small, the net effect for the numbers due to the above new calculations would be as follows :
• The three-loop corrections to the T parameter [24] modifies the relationship (3.10b) between T and the physical top quark mass. By comparing [24] with [2] , we find
This can be approximated as
For m t ∼ 170 GeV, this corresponds to the replacement of m Their effects are, however, much smaller than the leading effect as quoted above. Consequently, the threeloop O(α 2 s ) effects can be approximately taken into account by replacing all the m t symbols in this report by the r.h.s. combination of Eq. (3.12), or roughly by m t − 1 GeV. In other words, the fitted m t value should be about 1 GeV larger, while the results with an external m t constraint should correspond to those where the external m t is increased by about 1 GeV.
• The mixed QCD electroweak two-loop corrections of Ref. [26] can be accounted for by replacing all α s symbols in this report by α s − 0.001. In other words, the fitted α s value should be about 0.001 larger, while the results with an external α s constraint should correspond to those where the external α s is increased by about 0.001. This is because the α s dependences in the corrections other than the hadronic width of the Z are all negligibly small.
Implications of the New Measurements
In this section the new results and their implications are discussed. Also a fit in terms of the S, T , U parameters [5] 
New LEP/SLC data
The updated Z shape parameter measurements (see Tables 1-3 ) are used to extract the charge form factors. It is assumed that the vertex corrections except for the Zb L b L vertex functionδ b (m 2 Z ) are dominated by the SM contributions. 1 The free parameters are :ḡ
that appears [2, 3] in the theoretical prediction for Γ h . The fit yields:
1.00 0.13 −0.57 0.00 1.00 0.11 0.05 1.00 0.01 1.00
The value of χ 1 We exclude from the fit the jet-charge asymmetry data in Table 1 , since it allows an interpretation only within the minimal SM. It is included in our SM fit in section 5.
2 As will be explained in detail in the subsection 4.2, we modify the definition of α 
The heavy quark sector and α s
The most striking results of the updated electroweak data are those of R b and R c , which are shown in Fig. 4 juxtaposing the status as of summer 1995 and 1996. The SM predictions to these ratios are shown by the thick solid line, where the value of the top-quark mass affecting the Zb L b L vertex correction is indicated by solid blobs.
Although it was tempting to conclude from the 1995 data on R b and R c that the SM is excluded at 99.99%CL, it was also clear [9, 27] that it would be precocious to base such a far reaching conclusion on just these two measurements knowing how complex the analyses are and how critical the role of systematic effects is.
It is useful to note the fact that the three most accurately measured line-shape parameters, Γ Z , σ 0 h and R ℓ in Table 1 , determine accurately the Z partial widths Γ l , Γ h and Γ inv , because they are three independent combinations of the three partial widths, i.e. The high precision of 0.14% of the hadronic Z partial width, Γ h , strongly restricts any attempt to modify theoretical predictions for the ratios R b and R c [9] . To see this, Γ h is approximately expressed as In general, if we introduce a fractional change in the bare hadronic width
one measures to a good approximation from the Z-line shape parameters the combination
In other words, the effective parameter α
is constrained by the Z parameters. The coefficient in front of the fractional width ratio is slightly larger than π because of the higher-order QCD corrections. For definiteness, we use the SM prediction (Γ (175, 100) GeV. If only the Zb L b L vertex is allowed to deviate from the SM prediction,
in agreement with the expression (4.1). The last equality is obtained by inserting the SM expression (3.10d) forδ b where we neglect the small quadratic term. If both R b and R c are modified, it is the combination
which is constrained by the Γ h data. correlation between R b and R c . The preliminary values quoted at the 1996 summer conferences [1] roughly agree with the SM expectation and it may now be meaningful to compare the constraints on the strong coupling constant α s from the Z-pole data with those from other sectors [28] (see Fig. 6 ). We find the following parametrization for the m t , m H and δ α dependences of the SM fit to α s :
where x t = (m t ( GeV)−175)/10, x H = log(m H ( GeV)/100), and x α = (δ α −0.03)/0.09. The parametrization is valid in the range 150 < m t ( GeV) < 200, 60 < m H ( GeV) < 1000 and |δ α | < 0.2. It is remarkable that the electroweak data alone imply an intrinsic precision of ±0.003 (disregarding new physics contribution to the Z partial widths) which is deteriorated by the imprecise knowledge of the external parameters, i.e. the masses of the top and Higgs and also by the running "QED" coupling α(m 2 Z ) (see also Section 5.1). It can be seen from Fig. 6 and the above parametrization that the agreement between the SM fit to the Z parameters and the present world average of direct measurements, α s = 0.118 ± 0.003, is good only for a relatively light Higgs boson (m H ∼ <300 GeV).
New Neutrino Data
A new piece of information in the low-energy neutral current sector comes from the CCFR collaboration [7] which measured the neutral-to charged-current cross section ratio in ν µ scattering off nuclei. Using the model-independent parameters of Ref. [32] , they constrain the following linear combination,
and obtain 2 ), the measurement is first expressed in terms ofs 2 (0) andḡ 2 Z (0) and then combined with the old data. Figure 7 shows the CCFR-band together with the ellipse of all previous νq-data.
The CCFR data (4.14) being obtained after correcting for the external photonic corrections lead to the constraint :
It should be noted that the old data [32] were also corrected for external photonic corrections. 3 We find The combination of the new CCFR data [7] with the previous neutrino data [32] yields:
The combined fit to all the low-energy neutral current data including those studied in Ref. [2] gives :ḡ
For later convenience these results are also expressed at the shifted scale q 2 = m [32] and the new [7] ν µ -q data, the ν µ -e data, the atomic parity violation (APV) data, and the SLAC e-D polarization asymmetry data: see Ref. [ Also shown is the combined LEP/SLC fit (the solid ellipse of Fig. 3 ). Although the low energy data are far less precise than those from the Z resonance, they nevertheless constrain possible new interactions beyond the SU(2) L × U(1) Y gauge interactions, such as those from an additional Z boson [33] .
We may now combine the constraints from the Z parameters, Eqs. (4.2) and (4.3), and those from the low energy neutral current experiments, Eq. (4.19):
1.00 0.14 −0.54 0.00 1.00 0.11 0.05 1.00 0.01 1.00
for the four-parameter fit, and Z ) down by 0.00032, i.e. nearly half a standard deviation. As can be seen from Fig. 7 , this downward shift is mainly a consequence of the old ν q -q scattering data [32] .
Future results from the NUTEV Collaboration, succeeding to the CCFR Collaboration, are expected to improve considerably the constraints on the low energy form factors.
The (S,T,U)-Fit
All neutral current data are summarized in Eq. (4.18) for low energy (q 2 ≈ 0) and in Eq. (4.2) for the Z-shape parameters. In addition, the slightly improved W mass [6] in Table 1 3) or (3.4) a three-parameter fit to all the electroweak data, i.e. the Z parameters, the W mass and the low-energy neutral-current data, is performed in terms of S, T , U, while α ±0.38
The dependence of the S and U parameters upon δ α may be understood from Eq. (3.6) and (3.7). For an arbitrary value ofδ G the parameter T should be replaced by T ′ ≡ T+(0.0055−δ G )/α [2] . Note that the uncertainty in S coming from δ α = 0.03 ±0.09 [18] is of the same order as that from the uncertainty in from α s = 0.118 ± 0.003 [28] ; they are not at all negligible when compared to the overall error. The T parameter has little δ α dependence, but is sensitive to α s .
The above results, together with the SM predictions, are shown in Fig. 8 as the projection onto the (S, T ) plane. Accurate parametrizations of the SM contributions to the S, T , U parameters are found in Ref. [2] , while their compact parametrizations valid in the domain 160 GeV < m t < 185 GeV and 40 GeV < m H < 1000 GeV are given in Eq. (3.10). Also shown are the predictions [5] of the minimal (one-doublet) SU(N c ) Technicolor (TC) models with N c = 2, 3, 4, where QCD-like spectra of Technibosons with the large N c scaling and a specific top-quark mass generation mechanism is assumed. Obviously the current experiments provide a fairly stringent constraint on the simple TC models. Any TC model to be realistic must provide an additional negative contribution to S [34] and at the same time a rather small contribution to T . Our results confirm the observations [9, 35] based on the previous data, and are consistent with those of other recent updates [36] [37] [38] .
To be more quantitative Table 5 provides the values of S, T and U after subtracting the SM contributions (S new ≡ S − S SM , etc.). The m t -and m H -dependences of the extracted S, T and U values result from the fact that the SM prediction forδ b being strongly m t dependent has been assumed in α 
The Minimal Standard Model Confronting the Electroweak Data
Throughout this section all radiative corrections are assumed to be dominated by the SM contributions. Within the minimal SM all electroweak quantities are uniquely predicted as functions of m t and m H . A careful investigation is done to elucidate the role of the input parameters α s andᾱ(m 2 Z ) required for the interpretation. A brief discussion on the significance of bosonic radiative corrections containing the weak-boson self-couplings is also given.
4-parameter fit
Within the Minimal Standard Model the electroweak precision data are expressed in terms of the two mass parameters m t and m H . In a first, and most general, attempt also the parameters α s and δ α are left free. The result of the 4-parameter fit yields :
Instead of fitting m H itself it is more appropriate to fit x H = log(m H /100 GeV); otherwise the uncertainties are too asymmetric. It is remarkable that the fitted α s value agrees well with the global fit result [28] and that its uncertainty is as low as 0.003. Also the fittedᾱ(m 2 Z ) agrees within the large errors with other recent measurements [16] [17] [18] [19] 
Next we present results of the 4-parameter fit on the electroweak data when external constraints on α s , α s = 0.118 ± 0.003 [28] , and those on δ α are imposed. For δ α = 0.03 ± 0.09 [18] , we obtain m t ( GeV) = 153 ± 10
while for δ α = 0.12 ± 0.06 [16] , we obtain m t ( GeV) = 151 ± 11 x H = −0.5 ± 0.8 α s = 0.1189 ± 0.0022 δ α = 0.12 ± 0.06
Because of the strong correlation between x H and δ α in (5.1), the error of x H is reduced by about a factor of two. At the same time, a strong positive correlation between the errors of m t and x H appears. Larger δ α (smallerᾱ(m 2 Z )) implies larger x H and larger m t . The fitted m t value is still somewhat smaller than the observed Tevatron value [8] . This is partly due to the average R b value, which is presently about 2-σ larger than the SM prediction assuming m t = 175 GeV. The fit (5.2) without R b and R c data yields In conclusion, the fits are stable and agree with the a priori knowledge on α s and δ α . It is justified to proceed with an in-depth study based on the two parameters m t and m H , where now α s and δ α play the role of external parameters.
5.2
Constraints on m t and m H as functions of α s andᾱ(m Additional information is required to disentangle the above m t -m H correlation. This is provided by R ℓ , σ h , R b and is shown in Fig. 9 by dashed lines corresponding to a ∆χ 2 of 1 (∼39% CL) and 4.61 (∼90% CL). The constraints due to R ℓ and R b can also be seen in Fig. 10 . R ℓ is sensitive to the assumed value of α s , and, for α s = 0.118, the data favors small m H . R b is neither sensitive to α s nor m H and the present average disfavors large m t .
Without the data on R ℓ , σ h and R b the region of large m H -values in the (m t , m H )-band of Fig. 9 (m H ∼ 1 TeV) would not be excluded at all, as far as the electroweak data are concerned. It is worth noting that in comparing Fig. 9 (a) with (e) (or (b) with (f)) the Γ Z -band is shifted downwards by more than 10 GeV in the top quark mass when one increases α s from 0.115 to 0.121, but despite of this shift the best-fit point moves only marginally downwards by about 1.7 GeV (see also the parametrization (5.5b) below). This is mainly because the constraint from σ 0 h , R ℓ and R b allows larger m t for larger α s , as can be seen from dashed contours in Fig. 9 , or from Fig. 10 . The fit improves slightly at larger α s , because the Γ Z constraint then favors lower m t which in turn is favored by the R b data. On the other hand the change in δ α from the mean value of the estimate of Ref. [18] , 0.03, to that of Ref. [16] , 0.12, lowers the best-fit m t value by about 5 GeV and enhances that of m H slightly (by about 15 GeV), whereas the overall fit quality remains unchanged. The χ 2 function of the fit to all electroweak data can be parametrized in terms of the four parameters m t , m H , α s and δ α : function within a few percent accuracy in the range 100 GeV < m t < 250 GeV, 60 GeV < m H < 1000 GeV and 0.10 < α s (m Z ) < 0.13. The best-fit value of m t for a given set of m H , α s and δ α is readily obtained from Eq. (5.5b) with its approximate error of (5.5c). See dotted curves in Fig. 11 .
For m H = 60, 300, 1000 GeV, α s = 0.118 ± 0.03 and δ α = 0.03 ± 0.09, one obtains 6) where the mean value is for m H = 300 GeV. The fit (5.6) agrees with the best value from CDF and D0
This agreement strongly suggests that the electroweak theory respects the gauge invariance, since otherwise the quantum corrections could not be calculated. An elaboration on this point follows in the next subsection. Furthermore, the successful prediction of m t based on the simple SM radiative corrections strongly supports the presence of the custodial SU(2) symmetry as part of physics responsible for spontaneous symmetry breaking. Without custodial SU(2) there would have been no prediction for m t . Furthermore, the mechanism that leads to the large mass splitting of the third generation quarks should give rise to a T value which is similar to its standard model value. Therefore, the success of the SM prediction not only suggests the presence of the custodial SU(2) symmetry, but also constrains the mechanism of the fermion mass generation. Due to the quadratic form of Eq. (5.5) one can readily integrate out the unwanted terms, for instance those containing α s and/or δ α , and render the result independent of them. Also, additional constraints on the external parameters α s and δ α , such as those from future improved measurements or the constraint from the grand unification of these couplings may be added without difficulty.
As discussed above, the value for m H resulting from the Standard Model fit is correlated with the value of mt. The present value for R b which disfavors large masses of the top quark induces therefore a small value of the Higgs mass. It should also be noted that the choice of the value of α s as an external parameter implies via Eq. (4.2) a constraint on the vertex form factorδ b and influences in turn the fit value for m H . Shown in Fig. 12 are the m H -dependence of χ 2 under various assumptions. We present in Table 6 the corresponding 95%CL upper and lower bounds on m H (GeV) from the electroweak data. A low mass Higgs boson is clearly favored. However, this trend disappears for α s = 0.118 ± 0.003 [28] , once we ignore the R b data. If we adopt the estimate δ α = 0.03 ± 0.09 [18] forᾱ(m 2 Z ), the 95%CL upper bound on m H is 270 GeV from all the Z boson data, while it weakens to 1200 GeV, if the R b data are ignored. The corresponding upper bounds with the estimate δ α = 0.12 ± 0.06 [16] are 370 GeV and 1900 GeV, respectively. An addition of the low energy neutral current data slightly lowers the upper m H bound, mainly because the combined fit, (4.19), gives slightly smallerḡ smaller R b favors smaller m t , smaller T favors smaller m t and through the strong m t and m H correlation from the Γ Z and the asymmetry data smaller m H is favored. It is hence the direct measurement from the Tevatron, m t = 175 ± 6 GeV, that essentially constrains the allowed m H , m H < 480 GeV for δ α = 0.03 ± 0.12 or m H < 590 GeV for precisely, either due to more precise measurements or due to deeper theoretical insight. Lower and upper bounds on m H are shown in Fig. 13 and in Table 7 [28] , and two estimates [16, 18] [18] and by the sign "+" for the estimate [16] . Also shown is the direct lower bound on m H from LEP1.
The above exercises demonstrate well the overall consistency of the electroweak radiative corrections in the SM and emphasize at the same time the importance of an improvedᾱ(m 2 Z ) estimate for constraining m H in fits based on electroweak precision experiments.
Is there already indirect evidence for the standard W selfcoupling?
The success of the SM in describing all precision electroweak experiments at the quantum level may be taken as indirect evidence of the non-Abelian nature of the electroweak theory, or respectively of the standard universal gauge-boson self-couplings, because it is the non-Abelian gauge symmetry of the SM which ensures its renormalizability. Any alternative [43] to gauge models should necessarily have the new physics (cutoff) scale of order m W , whereas the universality of the weak interactions may be associated with the underlying symmetry of the fundamental theory and the vector boson dominance which require relatively high (≫ m W ) scales for new physics. The fact that the SM works well at the quantum level indicates that the weak boson interactions do not deviate significantly from their gauge theory form at least up to the scale of 2m t . Therefore, it is instructive to study in more detail which part of the standard radiative corrections is supported by experiment and whether indeed there is evidence for the gauge boson self-couplings.
It is not straightforward to answer this question, since we have to identify which finite portion of the quantum corrections is sensitive to the weak-boson self-interactions. Usually one splits the complete SM radiative corrections into just two separately gauge invariant pieces, namely the fermionic loop contributions to the gauge-boson self-energies and the rest. It can then be stated unambiguously that neither of the corrections alone is sufficient to describe the data, and that only the inclusion of both contributions ensures the success of the SM radiative corrections [44] . As a matter of fact, the bosonic part of the correction contains the weak boson self-interactions as an essential part and in this sense it is indirect evidence for universal couplings.
In a more detailed attempt [45] at understanding the importance of bosonic contributions due to the W W Z and W W γ couplings, it should be elucidated to what extent these finite bosonic correction terms depend on the splitting of the gauge bosons into themselves. For instance, the box diagrams do not contain gauge-boson self-couplings. It is useful to split the bosonic corrections into three separately gauge-invariant pieces, namely 'box-like', 'vertex-like' and 'propagator-like' pieces by appealing to the S-matrix pinch technique [10] . It is then only the 'vertex-like' and 'propagator-like' pieces which contain the gauge boson self-couplings. Schematically we separate the SM radiative corrections into the following five pieces:
Details of this separation for each radiative correction term may be obtained straightforwardly from the analytic expressions presented in Ref. [2] . By confronting these 'predictions' with the electroweak data the results of Table 8 are obtained. The 'no-EW' entry confronts the tree-level predictions of the SM where only QCD and external QED corrections (A) are applied. In this columnᾱ(m 2 Z ) is calculated by including only contributions from light quarks and leptons with δ h = 0.03 [2, 18] for the hadronic uncertainty. It is quite striking to re-confirm the observation [41] that these 'no-EW' predictions agree well with experiments at LEP1/SLC. In fact, it reduces the χ 2 over the SM, partly because of the R b data, which prefer no electroweak corrections δ b (m , they can be expressed as
In the absence of electroweak corrections, the predictions are obtained by setting S = T = U =δ G = 0 and also by settingḡ Table 8 , we find that about half of χ 2 ∼ 500 in the '+fermion' entry comes from Γ Z and the rest from the LEP1/SLC asymmetries. In contrast, we find excellent agreement for m W in the same column. This is mainly because m W is more sensitive to T rather than toδ G when α, G F and m Z are fixed: 0.42T ′ −0.29(T ′ −T ) = 0.42T + 0.13(T ′ −T ). Even though there are fortuitous cancellations among the remaining terms, we find no further improvement in the m W fit by adding extra radiative effects.
It turned out that the 'box-like' corrections to the µ-decay matrix elements amount to almost 80% of the totalδ G value: These electroweak effects do not affect much the fit of the low energy neutral current experiments because of their larger experimental errors. It is worth noting here that among the electroweak radiative corrections, the 'box-like' ones, especially the W W -box contribution, are most significant in the atomic parity violation experiments. Indeed the fit for Q W (C s ) improves significantly by adding the 'box-like' corrections.
Up to this stage no contribution from quantum fluctuations with the weak-boson self-couplings are counted. Next the column '+vertex' is considered, where the results of A+B+C+D corrections are listed and where we may hope to see their effects. It turns out that the effects of the remaining 20% correction toδ G and the effects in part from the vertex corrections in the Z-decay matrix elements considerably reduce the χ 2 in the LEP1/SLC sector of the experiments from about 200 down to 30. The effect of the fullδ G is to change the charge form factor inputs to (S ′ , T ′ , U ′ ) = (−0.20, 1.14, −0.02), which reducesḡ Table 3 of Ref. [2] , are most significant. The predictions 2 (m 2 Z ) = 0.22995 is still by about 3-σ away from the fit (2.2).
Inclusion of the 'propagator-like' corrections either improves or worsens the fit depending on the Higgs boson mass. The improvement is sizeable only when the Higgs boson mass is not too large, as can be seen from the last column in Table 8 .
It is therefore tempting to conclude that the effect of the 'vertex-like' corrections, and hence that of the standard W W V self-interactions is essential for the success of the SM at the quantum correction level. Once the gauge invariance of the weak boson interactions is assumed, quantum fluctuations at very short distances become universal and hence they can be renormalized by precisely measured quantities. Remaining finite parts of the quantum corrections hence measure the effects of the intermediate scale physics which can be sensitive to the symmetry breaking physics. With further improvement of the electroweak data, we will therefore learn more about physics of 100 GeV to 1 TeV that could affect these finite correction terms. The precision electroweak physics may still give us hints of new physics at the energy region which is not yet explored directly by high energy experiments.
Impact of future improved measurements
Constraints on various electroweak quantities are expected to be improved in the near future. Their impact on the knowledge of the top and the Higgs masses is discussed in the following subsections. The last subsection deals with future constraints on the S, T , U parameters.
According to the discussions in the previous section the constraints on the top and the Higgs masses are basically obtained from three quantities, Γ Z ,s 2 (m 2 Z ) from various Z-pole asymmetries, and m W . After the completion of the LEP1 experiments no further improvement on Γ Z is expected. Significant improvements ins 2 (m 2 Z ) may be expected from SLC, Tevatron, LHC, and future Linear e + e − Colliders (LC). Improved measurements on m W are also expected from LEP2, Tevatron, LHC, and LC. The top quark mass will be measured accurately at Tevatron, LHC, and LC. The Higgs boson mass can be measured at LEP2, LHC and LC, provided it exists and its mass lies in the accessible energy range of these machines. Finally, a more precise value ofᾱ(m 2 Z ) will be obtained from experiments at Novosibirsk, DAΦNE, B factories at KEK, SLAC and DESY, and possibly at the Beijing τ -charm factory (BTCF).
In order to assess the impact of such future improvements in the electroweak sector, we found the following approximate formulae for the SM predictions useful: , the best-fit value for the Higgs mass turns out to be rather low and most of the allowed region is already excluded by the result of the Higgs searches at LEP1. The complementary fit leads to a best-fit Higgs mass of about 75 GeV, but with a low value for the top quark mass of 152 GeV. The 90% CL allowed region overlaps significantly with the direct information on m H and m t . The change in size and orientation of the error ellipses can be understood by considering the SM grid in Fig. 3 . Until the start-up of the B-factory the SLD Collaboration hopes to increase their statistics with polarized beams (P e ∼ 77%) to 500k Z-decays, which would allow them to reduce the uncertainty on A 0 LR by a factor of two, without yet hitting the limit set by the systematic error [47] . Such a measurement would determines 2 (m 2 Z ) to about ±0.00023, i.e. one single experiment is reaching then the same precision as presently all experiments together. With 1M Z-events, the error can be reduced to ±0.00015. It is clear that a reproduction of the existing mean value with a significantly reduced error would cause a conflict with the other measurements and would put in question the interpretation within the SM.
Asymmetries
At hadron colliders the measurement of the lepton forward-backward asymmetries allows to derive also precise values of the weak angle. In the Snowmass'96 report Baur and Demarteau [49] estimate that an uncertainty of 0.00013 can be expected for an integrated luminosity of 30 fb −1 at Tevatron [48, 50] . The LHC experiments may not improve this further [49] without significantly extending the rapidity coverage of their lepton detector.
The error ofs 2 (m 2 Z ) may further be reduced at a future linear e + e − collider (LC) by measuring the beam polarization asymmetries on the Z pole, if a significantly improved determination of the electron beam polarization is achieved [51] . It should be emphasised here that the present uncertainty of 0.00023 in theoretical predictions of 
W mass
Improved values on the W mass are expected from CDF, D0 at the Tevatron, from the HERA experiments and from the collaborations at LEP2. It is expected to obtain the W -mass to 31 MeV for a 1 fb −1 run at the Tevatron, which may be reduced to 11 MeV for 10 fb −1 [49] , while at LEP2 in a 500 pb −1 -run 35 MeV [52] is expected. In a high luminosity run at HERA a precision of 60 MeV is estimated [53] . Further improved measurements on m W may be anticipated at a future linear e + e − collider [54] or at a µ + µ − collider [56] . Such measurements will provide a narrow band in the (m H , m t )-plane similar in width and orientation to the present asymmetry band and constitute a crucial piece of information in challenging the validity of the SM.
We show in Fig. 17 In order to examine the future constraints on (m t , m H , δ α , α s ) from the electroweak precision measurements, we repeat the four parameter fit with the present electroweak measurements plus the above two additional "data" ons 2 (m 2 Z ) (6.2) and m W (6.3). We find from the electroweak data only m t ( GeV) = 161 ± 5
x H = −1.24 ± 0.95 α s = 0.1204 ± 0.0035 ) and m W data at the present minimum of the global χ 2 fit. What did change by adding the above two future "data" are the correlations among the errors, in particular, that between m t and log m H is now very large, 0.84, and the negative correlation between log m H and δ α has also been strengthened. Therefore, we can expect an important improvement on the m H constraint once m t and δ α are measured accurately.
Top-quark mass
It is tantalizing that the present top mass value from Tevatron (5.7) lies just on the boundary of the region allowed by the electroweak data.
The long-range program (TeV33 [48, 50] ) at the Tevatron envisages an ultimate precision of the top mass of about 2 GeV based on an anticipated yearly integrated luminosity of 10 fb −1 . In the future, the error can be reduced further to 200 MeV at an e + e − LC [55] and possibly down to 70 MeV at a muon collider [56] with precise beam energy resolution. Figure 13 shows us that once the top quark mass is precisely determined, the major remaining uncertainty in electroweak fits is due to δ α , the magnitude of the QED running coupling constant at the m Z scale.
Next we examine the effect of a future measurement m t = 175 ± 2 GeV on the four parameter fit (6.5):
1.00 0.48 0.05 −0.09 1.00 0.07 −0.73 1.00 −0.03 1.00
The error of the logarithm of m H has been reduced from ±0.60 (6.5) to ±0.35, which is substantial, but not satisfactory. We find that this error cannot be reduced significantly by further reducing the error of m t down to 1 GeV. This may be inferred from the reduced correlation between m t and log m H in (6.6). The strongest correlation among the four errors now appears between log m H and δ α . It is clear that further progress about m H in the SM, and also about physics beyond the SM from its quantum effects, will critically depend on an improved determination ofᾱ(m 2 Z ). As a final example, we present the four parameter fit result with one further constraint, δ α = 0.03 ± 0.03, where the error is assumed to be 1/3 of the conservative estimate [18] , or 1/2 of the other two estimates [16, 17] . We find
1.00 0.58 0.05 −0.04 1.00 0.07 −0.38 1.00 −0.01
The error in log m H is now reduced to about ±0.25.
To conclude, we examine the constraint on m H from ultimate electroweak measurements by making use of the expressions (6.1). With the top-quark mass determination of order 100 MeV at a LC or at a muon collider, its error can be safely neglected in (6.1). Once the α s value is measured to the 1 % level [57] , the LEP1 constraint from Γ Z becomes more effective through (6.1a). Nevertheless we find that m H will be constrained essentially by the future measurements ofs 2 (m 2 Z ) and m W within the SM:
Combining the above two constraints (6.8) and (6.9) gives the Higgs boson is found, its mass may be measured so accurately that its error can be neglected in the electroweak radiative effects. The electroweak data (6.8) and (6.9) then constrain δ α to ±0.036, or about 40% its present error [18] . Evidence for new physics may then be looked for by comparing the direct and indirect measurements of α(m 2 Z ).
Future constraints on S, T , U
The impact on S, T , U of the future measurements ofs 2 (m 2 Z ) (6.2) and m W (6.3) is discussed briefly in this subsection. The analysis of section 4.4 can be repeated straightforwardly.
It is again worth noting that only the following combinations of these parameters and δ α ,δ G and α s can be constrained by the three most accurately measurable quantities: 
A linear combination of S ′ and T ′ will be better constrained by future improvements ins 2 (m 2 Z ). Individual constraints will still be obtained from the LEP1 Γ Z value, and hence they won't be improved significantly unless one can predict accurately the α ′ s value including the Zb L b L vertex factor. The improved measurement on m W determines the combination U ′′ . Therefore, we need to knowδ b ,δ G and δ α accurately in order to constrain non-SM contributions to the S, T , U parameters.
As an example consider the result of the three parameter fit with the news 2 (m 2 Z ) and m W measurements of (6.2) and (6.3), respectively : When compared with the corresponding constraint (4.25) of the existing electroweak data, the allowed range of T ′ for given S ′ and U ′ can be reduced by a factor of two.
Conclusions
We have carried out a comprehensive analysis of the latest electroweak data. The analysis updates our previous work (see Ref. [2] ). The total width Γ Z , the hadronic width Γ 0 h and the leptonic width Γ ℓ agree well with the SM predictions at the level of a few 10 −3 . The new measurement of R c is in agreement with the SM, and also the new measurement of R b , albeit within about two standard deviations. The asymmetry data determine the effective weak mixing parameter sin 2 θ W to an accuracy of 0.1% level, see Eq. (2.2). Their average value agrees well with the SM, while their dispersion is larger than statistically expected. It is, however, fair to conclude that the progress both in precision and agreement of data with SM expectation is impressive.
The (S, T ) fit agrees well with the SM, whereas the simple QCD-like Techni-Color (TC) model is ruled out at the 99%CL. The fitted U parameter also agrees with the SM prediction. The fact that all the S, T , U parameters agree well with the SM prediction for the top quark mass as observed at the Tevatron and the Higgs boson mass below a few hundred GeV implies that any dynamical model of the electroweak symmetry breaking without a light Higgs boson should not only give a negative S new , but also a T new -value which is constrained severely by the data for the given S new and U new ; see Eq. (4.25). The above conclusion remains valid even if the model contributes a sizeable amount to the Zb L b L vertex, since the strong correlation between S new and T new comes from the accurate measurement of the effective weak mixing angle,s 2 (m 2 Z ), which is independent of R b or the assumed α s value. For the U parameter, |U new | ∼ <0.4 should be satisfied. The uncertainty in the running QED coupling constant at the m Z scale,ᾱ(m 2 Z ), is shown as the serious limiting factor for future improvements in the determination of the S parameter.
The global fit in the minimal SM in terms of (m t , m H ) yields values for the top mass, m t = 153 ± 10 GeV (5.2a), or m t = 158 ± 12 GeV (5.4a) if we drop the present R b constraint, which agrees with the direct measurements from the Tevatron, m t = 175 ± 6 GeV [8] . The corresponding allowed range in m H is m H = 50 +50 −30 GeV (5.2a) and m H = 60 +100 −40 GeV (5.4a) respectively. Once m t is accurately measured the present electroweak data will impose stringent limits on the Higgs-boson mass which are not affected by the R b data (see Table 7 in section 5.2). For instance the present electroweak data favor a light Higgs boson if m t∼ <170 GeV while a heavier Higgs boson is favored if m t∼ >180 GeV: the 95% CL upper and lower mass bounds, m H < 360 GeV for m t = 170 GeV and m H > 130 GeV for m t = 180 GeV are obtained by using α s = 0.118±0.003 [28] and δ α = 0.03 ± 0.09 [18] . In order to further improve the constraint on m H not only precise measurement on m t are required, but also improved measurements on ∆α had (m 2 Z ) and α s . For the agreement of the SM predictions with precision experiments it is indispensable to include radiative effects due to 'vertex-like' corrections which may be regarded as indirect evidence for the universal weak-boson self-couplings. Their direct investigation will soon be carried out at LEP 2.
Finally, we studied prospects of future improvements in the electroweak precision experiments. Major improvements are expected from further running and detector upgrades in the determination of the mixing parameters 2 (m 2 Z ) at SLC, Tevatron, and at a future linear e + e − collider (LC); m W will be measured more accurately at LEP2, Tevatron upgrades, LHC, LC and, perhaps, at a muon collider. The error in the topquark mass may be reduced to 2 GeV at Tevatron, 200 MeV at LC, and even further down at a muon collider. These measurements will constrain physics beyond the SM very stringently, say in the (S new , T new , U new ) parameter space, where not only T new but also U new will be constrained severely as function of S new , whose constraint can be improved with a better α(m 
